Cadmium is a worldwide environmental toxicant responsible for a range of human diseases including cancer. Cellular injury from cadmium is minimized by stress-responsive detoxification mechanisms. We explored the genetic requirements for cadmium tolerance by individually screening mutants from the fission yeast (Schizosaccharomyces pombe) haploid deletion collection for inhibited growth on agar growth media containing cadmium. Cadmium-sensitive mutants were further tested for sensitivity to oxidative stress (hydrogen peroxide) and osmotic stress (potassium chloride). Of 2649 mutants screened, 237 were sensitive to cadmium, of which 168 were cadmium specific. Most were previously unknown to be involved in cadmium tolerance. The 237 genes represent a number of pathways including sulfate assimilation, phytochelatin synthesis and transport, ubiquinone (Coenzyme Q10) biosynthesis, stress signaling, cell wall biosynthesis and cell morphology, gene expression and chromatin remodeling, vacuole function, and intracellular transport of macromolecules. The ubiquinone biosynthesis mutants are acutely sensitive to cadmium but only mildly sensitive to hydrogen peroxide, indicating that Coenzyme Q10 plays a larger role in cadmium tolerance than just as an antioxidant. These and several other mutants turn yellow when exposed to cadmium, suggesting cadmium sulfide accumulation. This phenotype can potentially be used as a biomarker for cadmium. There is remarkably little overlap with a comparable screen of the Saccharomyces cerevisiae haploid deletion collection, indicating that the two distantly related yeasts utilize significantly different strategies for coping with cadmium stress. These strategies and their relation to cadmium detoxification in humans are discussed.
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Cadmium is one of the world's most serious environmental pollutants. Although naturally present in the environment, high concentrations found near industrial and toxic waste sites pose serious health risks, and exposure can lead to a variety of diseases. The major routes of human intoxication are from cigarettes, contaminated water and food, and occupational exposure. Chronic exposure to this long-lived (half-life of 15-20 years in humans) transition metal causes immune system deficiencies and injuries of the kidneys, lungs, and skeleton (reviewed in Järup, 2003) . A classic example of cadmium toxicity is Itai-Itai disease, characterized by severe pain, proteinuria, bone fractures, and osteomalacia. Cadmium is listed as a class I human carcinogen by the IARC (International Agency for Research on Cancer) and has been associated with cancers of the lungs, prostate, pancreas, and kidneys (IARC, 1993) .
Cadmium affects cellular processes such as cell-cycle progression, proliferation, differentiation, DNA replication and repair, and apoptosis (reviewed in Bertin and Averbeck, 2006) . Cadmium also disrupts homeostasis of the chemically similar, yet biologically essential, metals calcium, zinc, and iron (reviewed in Martelli et al., 2006) . Although cadmium is not a redox-active metal and cannot directly bind to DNA, it does indirectly induce oxidative stress thus compromising genome integrity (Waalkes and Poirier, 1984) . Antioxidants bind to cadmium and this depletion leads to increased reactive oxygen species (ROS), a normal byproduct of aerobic respiration (Waisberg et al., 2003) . Not only does cadmium cause DNA damage, it also inhibits systems necessary to repair that damage (reviewed in Giaginis et al., 2006) . This DNA repair inhibition makes cadmium a co-mutagen by acting synergistically with other genotoxic agents. Zinc protects or reverses the DNA repair inhibition induced by cadmium, possibly from competition between the two metals in zincfinger repair proteins (Hartwig et al., 2002) .
Eukaryotes have evolved multiple defense mechanisms to minimize cellular injuries resulting from cadmium insult. 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed at Department of Molecular Biology, The Scripps Research Institute, La Jolla, CA 92037. Fax: (858) 784-2265. E-mail: prussell@scripps.edu. Cadmium is sequestered into vacuoles through binding to cysteine-rich peptides glutathione (GSH), phytochelatins (PCs), and/or metallothioneins depending on the organism. Additionally, Saccharomyces cerevisiae cells exposed to cadmium substantially reprogram their transcriptome and proteome to initiate a ''sulfur-sparing'' response (Fauchon et al., 2002) . This reprogramming redirects sulfur to GSH production by reducing expression of sulfur-rich proteins and replacing them with isotypes consisting of fewer cysteine and methionine residues.
The advent of S. cerevisiae haploid deletion libraries has presented the unprecedented opportunity to carry out genomewide screens for mutants defective in various biological processes. Recently, this approach was employed to identify 73 genes whose inactivation confers sensitivity to cadmium in bakers yeast (Serero et al., 2008) . Prominent among the classes of genes identified in this screen are those involved in cellular transport, stress responses and transcriptional control. The value of data from these experimental approaches is likely to increase further when they can be compared between species. S. cerevisiae has a very distant evolutionary relationship to the fission yeast Schizosaccharomyces pombe, and in some biologically important processes (e.g. cell-cycle control, centromere structure, heterochromatin establishment) fission yeast is more closely related to typical metazoan organisms (Grewal and Jia, 2007; Wood et al., 2002) . Here we report one of the first screens carried out with the S. pombe haploid deletion collection, which consists of 2649 mutants of nonessential genes. This screen has identified 237 mutants that are sensitive to cadmium, the majority of which were unknown or only suspected to be required for cadmium tolerance. Remarkably, few orthologs of these genes were identified in the comparable screen of S. cerevisiae, suggesting that the two organisms tolerate cadmium stress by substantially different mechanisms.
MATERIALS AND METHODS
Strains and deletion library construction. Standard procedures and media for S. pombe were used as previously described (Moreno et al., 1991) . Heterozygous diploid deletion strains were constructed by BiONEER (Korea) using the Bähler et al. (1998) method of PCR-based targeted gene deletion using the KanMX4 cassette. From these strains viable haploid deletion strains used in this screen were generated with a genetic background of h þ leu1-32 ura4-D18 ade6-M210 or M216.
There are 4967 open reading frames in fission yeast of which~3000 are estimated to be not essential for viability in the haploid state. The haploid deletion library used in this study consists of 2649 mutants representing~88% of the nonessential genes. A list of strains is available from the authors upon request.
Deletion library screens for cadmium sensitivity. The deletion library was provided on agar plates and stamped in a 96-well format. Deletion mutants were inoculated from the plates using a sterilized 96-pin replicator in YES agar (0.5% yeast extract, 3% glucose, 2% agar) with supplements (225 mg/l adenine-HCl, 225 mg/l L-histidine, 225 mg/l L-leucine, 225 mg/l uracil, 225 mg/l L-lysine-HCl) and grown at 30°C to saturation density. Using the replicator, cells were spotted onto YES agar with or without 100lM cadmium sulfate hydrate (Sigma-Aldrich, St Louis, MO) and incubated at 30°C for 4 days. The sensitivity of every mutant that displayed inhibited growth on cadmium plates compared with untreated plates was further explored using a more precise, dilution-series survival assay. Mid-log phase cultures were resuspended to identical optical densities (U-2000, Hitachi, Tokyo, Japan) and serially diluted fivefold. Dilutions were spotted onto YES agar plates or YES agar containing 100lM cadmium, 1mM hydrogen peroxide (H 2 O 2 ), or 0.6M potassium chloride (KCl) and incubated at 30°C for 3-5 days. The growth inhibition of each mutant was scored as severe (þþþ), moderate (þþ), or mild (þ).
Microculture growth assay. The following protocol was modified from Toussaint and Conconi (2006) . Briefly, selected mutants and their corresponding wild-type were diluted to~0.1 OD 600 nm (U-2000, Hitachi) from single colony inoculations and incubated at 30°C. Mid-log phase cultures were then diluted to 0.2 OD 600 nm and treated with 100lM cadmium. One-hundred microliters of treated and untreated cultures was aliquoted in triplicate to a flat bottom 96-well plate. A microplate reader (VERSAmax, Molecular Devices, Sunnyvale, CA) monitored growth at 30°C by measuring OD 600 nm every 30 min for 48 h. Growth curves were plotted with Excel (Microsoft, Seattle, WA) from the raw OD 600 nm data, and resultant curves are the average of the triplicates.
Gene ontology analysis of cadmium-sensitive mutants. Biological interpretation of the cadmium-sensitive mutants was assessed using GOTermFinder (http://go.princeton.edu/cgi-bin/GOTermFinder) (Boyle et al., 2004) . The mutant library gene list was used as the background distribution, and the S. pombe GeneDB was used as the gene association file. All evidence codes were searched, and the p value cutoff was 0.05.
RESULTS

Identification of Genes Required for Growth upon Cadmium
Exposure To evaluate cellular responses to cadmium in fission yeast, we exhaustively screened 2649 single gene deletion mutants for inhibited growth in the presence of cadmium. Stationary phase cells were replica plated in 96-well format onto YES (essentially glucose and yeast extract, see Materials and Methods) plates with or without 100lM cadmium sulfate. This concentration of cadmium was used because it severely impaired the growth of the well-characterized zip1D and spc1D cadmium-sensitive mutants but was well tolerated by wild-type ( Supplementary Fig. 1 ). For comparison the Food and Drug Administration permissible level of cadmium in water is 20lM (0.005 mg/l) and the recent screen of the S. cerevisiae deletion library used 100 lM cadmium chloride (Serero et al., 2008) . We liberally selected mutants with growth inhibition (see Fig. 1A for a representative plate); however, mutants with slow growth on untreated rich media (~2%; data not shown) were excluded. The efficacy of the large-scale screen was validated by the positive growth inhibition of known cadmium-sensitive mutants: zip1D (internal control not in library), spc1D, hmt1D, hmt2D, and pcs1D (Fig. 1B) (Ha et al., 1999; Harrison et al., 2005; Perego et al., 1997; Toone et al., 1998; Vande Weghe and Ow, 1999; respectively) .
All initially sensitive mutants were retested by spotting 5-fold serial dilutions of log-phase cultures onto plates with or without 100lM cadmium sulfate. To evaluate whether the observed mutant sensitivity was specific to cadmium or to stress in general, we additionally checked for growth inhibition on plates containing 1mM hydrogen peroxide (H 2 O 2 ) and 0.6M potassium chloride (KCl) (see Fig. 1C for representative plates). The relative survival of each mutant compared with that of the wild-type strain, normalized to the growth rate of untreated mutant cells, was estimated. Ultimately, 237 mutants (8.9% of the library and 4.9% of the genome) displayed varying levels of sensitivity to cadmium. Twenty-three mutants were strongly (þþþ) sensitive to cadmium, 90 were moderately (þþ) sensitive, and 124 were mildly (þ) sensitive. Table 1 lists the mutants that were strongly or moderately sensitive to cadmium. For each sensitive mutant the table also lists the common gene name (if applicable), systematic name, S. cerevisiae ortholog (obtained from the yeast orthologous groups list), along with a brief description of each gene product. In many cases the gene description is based partly or largely on the S. cerevisiae ortholog. The genes are listed in the following categories: sulfate assimilation, PC synthesis and transport; ubiquinone biosynthesis; stress signaling; cell wall biosynthesis and cell morphology; gene expression and chromatin remodeling; vacuole function; and intracellular transport of macromolecules; other functions; and unknown functions. Supplementary Table S1 lists the genes whose deletion resulted in mildly reduced cellular growth on cadmium-treated plates compared with untreated plates. Both tables also list sensitivity to oxidative or osmotic stress. The majority of the mutants were only sensitive to cadmium and not to the other stresses ( Table 2 ). The shared sensitivity of some mutants to cadmium and H 2 O 2 or KCl shows that the products of these genes are general stress-related proteins and there is some overlap in the toxic effects of these stresses.
Microculture Growth Assays of Select Cadmium-Sensitive Mutants
We performed microculture growth assays on select mutants to evaluate the type of response to cadmium. Log-phase wildtype and select cadmium-sensitive mutants were treated with or Representative spot assays from the initial large-scale screen. Saturated cultures were replica plated onto rich media (YES) with or without 100lM cadmium sulfate and incubated at 30°C for 3 days (note: mutants A3 and G5 were not selected due to their slow growth on untreated plates). (B) Efficacy of large-scale screen. Known cadmium hypersensitive mutants (zip1D, spc1D, hmt1D, hmt2D, and pcsD) displayed inhibited growth in the presence of cadmium.(C) Representative dilution-series spot assays from selected mutants from representative large-scale screen plates (note: image of A6 [kin1D] dilution series not available). Log-phase wild-type and select mutants were serially diluted 1:5 and replica plated onto rich media alone or supplemented with 100lM cadmium sulfate, 1mM H 2 O 2 , or 0.6mM KCl. without 100lM cadmium, and growth was monitored continuously for 2 days (Fig. 2 ). Initially, we tested different concentrations of cadmium on wild-type and spc1D to determine which would be suitable for this assay ( Fig. 2A) . The observed phenotypes of these two strains in liquid and spot assays were similar at 100lM cadmium; therefore, the subsequent growth assays were performed at that concentration. In general, the sensitivity of each mutant to cadmium observed on plates corresponded to that in liquid microcultures; however, there were a few that showed more sensitivity on plates than in liquid (Fig. 2B) . This difference could be attributable to nutrient limitation or air exposure. Cells grown in the small volume (100 ll) of media in microculture experiments might exhaust the nutrients. Alternatively, cells grown in liquid are well aerated from frequent shaking, whereas colonies on plates contain heterogeneous microenvironments where cells on the outside are exposed to air but the inner cells may not be (Draculic et al., 2000) . In this context, it is conceivable that the (lack of) nutrient and oxygen availability will affect general metabolism leading to the observed phenotypic differences. Because growth in liquid cultures is monitored continuously, it is possible to observe the type of response each mutant has to cadmium (Fig. 2B) . No growth, as seen in gcs1D, or a lowered plateau phase, as seen in SPBC27.02cD, can be interpreted that the missing gene is essential in the toxic response and that no other mechanisms can compensate for its loss leading to premature death. Conversely, an increased lag phase, as seen in SPAC823.10cD, and a decreased growth rate, as seen in hmt1D, suggests that the deleted gene leads to cadmium sensitivity but its loss can be compensated by other mechanisms (Jo et al., 2008) .
GO Analysis of Cadmium-Sensitive Mutants
We performed a GO analysis (p value < 0.05) of all 237 cadmium-sensitive genes to identify which biological process categories were enriched (Table 3) . GO enrichment provided an unbiased method of categorizing the genes, and allowed for multiple annotations within genes to be identified when present. Several annotated terms/categories were enriched, and many of them were subsets of the others. The three main Growth curves of select cadmium-sensitive mutants. Untreated and treated log-phase cells at equal densities were seeded into microculture wells, and growth was monitored by measuring OD 600 nm every 30 min at 30°C for 48 h. (A) Wild-type and spc1D cells were subjected to varying concentrations of cadmium ranging from 0 to 500lM. (B) Select cadmium-sensitive mutants from the screen were subjected to 100lM cadmium, and growth was monitored. 130 enriched terms were: the inorganic stress response, sulfur metabolism, and the mitotic cell cycle (Table 3) . Within the inorganic stress response category, response to metals and cadmium were enriched as expected. Subcategories of sulfur metabolism included sulfate assimilation, and biosynthesis of the sulfur-containing amino acids. The last enriched category includes genes involved in the mitotic cell cycle and more specifically genes whose products function in the spindle assembly during mitotic chromosome reorganization. The specific genes annotated to these terms and the nonenriched genes will be discussed in more detail.
Yellow Mutants upon Cadmium Exposure
Interestingly, several mutants exposed to 100lM cadmium sulfate accumulated yellow pigment( Fig. 3 and Table 4 ). The strongest color was visible in the cys11 mutant. All of the ubiquinone biosynthesis (coq2, coq3, coq4, coq5, and coq7) mutants and the sulfide:quinone oxidoreductase (hmt2) mutant turned yellow. Ubiquinone biosynthesis mutants and hmt2 mutants also accumulate higher levels of hydrogen sulfide under normal conditions (Saiki et al., 2003) . Indeed, all the yellow mutants grown in rich media also accumulated hydrogen sulfide as detected by a ''rotten egg'' smell.
DISCUSSION
In this study we sought to develop a more global picture of the mechanisms used to detoxify cadmium, an important environmental pollutant. This was accomplished by carrying out a genome-wide hunt for fission yeast mutants that display inhibited growth in the presence of 100lM cadmium sulfate. By using a concentration of cadmium that is well tolerated for many generations by wild-type strains, our intention was to identify genes that are needed for coping with chronic exposure to cadmium. Of course, many of these genes are likely to also be important for survival of acute exposure to higher levels of cadmium.
The screen rediscovered a number of mutants whose cadmium sensitivity was well known from previous studies, including spc1D, gcs1D, hmt1D, hmt2D, and pcs1D (Table 1 ) (Ha et al., 1999; Mutoh et al., 1995; Perego et al., 1997; Toone et al., 1998; Vande Weghe and Ow, 1999, respectively) . As an example, Spc1, a mitogen-activated protein kinase (MAPK) homologous to human p38, regulates the global transcriptional response and controls the cell cycle upon environmental stimuli (Degols et al., 1996; Shiozaki and Russell, 1995) . Indeed, the moderate to severe sensitivity of the spc1D mutant to all stresses was expected and served as an ideal general stress positive control (Tables 1 and 3) . Isolation of spc1D and other known cadmium-sensitive-mutants serves as a validation of the screen. In total, 237 genes were identified in this screen, representing~8% of the genes analyzed in the screen. The large majority of these genes were not previously known to be involved in cadmium resistance, thus the generation of this list is a significant milestone in developing an understanding of cadmium detoxification mechanisms at the genome-wide level. In hindsight, a substantial fraction of these genes could have been suspected beforehand or at least rationalized in retrospect based on their known properties in fission yeast or other organisms, particularly S. cerevisiae. Yet the orthologs of the large fraction of these genes were not identified in a recent comparable screen of a S. cerevisiae haploid deletion library (Serero et al., 2008) . As discussed in more detail below, the conclusion derived from this observation must be that the two organisms rely on substantially different strategies for detoxifying cadmium. These differences provide further evidence of the need for carrying out comparative studies with evolutionary divergent species.
The cadmium-sensitive mutants were categorized for their degree of sensitivity by dilution-series spot assays (Table 1 and  Supplementary Table S1 ). We additionally examined whether they were sensitive to oxidative and/or osmotic stress. It was surprising that more cadmium-sensitive mutants shared sensitivity to potassium chloride than to hydrogen peroxide (Table 2) , because the oxidative stress role of cadmium has been well characterized but the osmotic role has not. These results suggest that either cadmium can indirectly lead to osmotic stress, or some genes required for survival of osmotic stress Alkaline phosphatase localized to vacuolar membrane 132 may also have roles in tolerance of cadmium stress. More importantly, most of the mutants were only sensitive to cadmium, thus identifying specific genes required for tolerance to cadmium, or metals in general (Table 2) . Gene Ontology analysis was performed on the 237 cadmium-sensitive mutants. The main significantly enriched (p value < 0.05) biological process categories included the inorganic stress response, sulfur metabolism, and the mitotic cell cycle. These and their related subcategories are discussed further and placed in context in the model shown in Figure 4 .
The Inorganic Stress Response and the Spc1 Stress Kinase
Pathway Cells experience a variety of stressors; however, they must distinguish between the different stresses to mount the appropriate response. Therefore, the enrichment of genes involved in the response to inorganic stimuli, and more specifically to metals and cadmium, was expected (Table 3) . Stress signaling through the evolutionarily conserved stressactivated MAPK (SAPK) pathway is essential for proper transcriptional reprogramming (reviewed in Gacto et al., 2003) . In S. pombe, the MAPK Spc1/Sty1 is the central component of the SAPK pathway. Spc1 is activated by the upstream MAPK kinase Wis1, which is itself activated by the upstream MAPK kinase kinases (MAPKKKs) Wis4 and/or Win1. S. pombe has distinct signaling pathways in response to arsenite and ROS suggesting that the major mode of cellular toxicity of arsenite is not due to its oxidative stress induction (Rodríguez-Gabriel and Russell, 2005) . Cells deleted for wis4 were not sensitive to arsenite or hydrogen peroxide; however they were moderately sensitive to cadmium. This suggests that there is an additional pathway in S. pombe in response to cadmium, and not a general metal response pathway. Mcs4 is a response regulator that acts upstream of Wis4 and is required for full resistance to arsenite (Buck et al., 2001; Rodríguez-Gabriel and Russell, 2005) ; thus its role in cadmium survival could have suspected. However, the data shown here may the first to demonstrate a clear role for a response regulator protein in coping with cadmium.
Spc1 activates Pap1, an oxidative stress-responsive transcription factor, and deletion of pap1 resulted in cadmium sensitivity most likely due to the oxidative stress influence (Toone et al., 1998) . Pcr1, a subunit of the Atf1/Pcr1 heterodimeric transcription factor that is regulated by Spc1 , was also identified in the screen (Supplementary Table S1 ).
In respect to the identification of multiple known components of the Spc1 stress-signaling pathway, it is interesting that   FIG. 4 . Proposed model of the cellular targets and detoxification mechanisms of cadmium in fission yeast. Cd is transported inside the cell by divalent metal ion transporters and possibly other transporters. Cd interferes with cellular activities by competing with other divalent metal ions required in various metabolic enzymes. Once Cd gets into the cell, the first response will be detoxification. One of the detoxification mechanisms is extrusion of Cd outside the cell by membrane transporters (not known). In a second detoxification mechanism, cadmium binds to thiol-rich peptides such as GSH and PCs. LMW PC-Cd complexes are transported into vacuoles where they form HMW complexes with Cd and free sulfide. Depletion of GSH leads to increased ROS. Increased ROS leads to increased oxidative damage to DNA. Cd is also known to inhibit MMR. Cd also appears to interfere with mitotic spindle assembly and may affect cell-cycle progression, for example by activating Spc1 MAPK. One or more of these effects may explain the carcinogenic potential of cadmium. Representative mutant genes that are sensitive to Cd are shown along with cellular pathways.
CADMIUM-SENSITIVE MUTANTS IN FISSION YEAST
the screen also uncovered the uncharacterized gene SPBC713.05. The protein product of this gene has striking similarity (~42% identity) to human MORG1 (MAPK organizer 1), a member of the WD-40 protein family that was isolated as a binding partner of the extracellular signalregulated kinase (ERK) pathway scaffold protein MP1 (Vomastek et al., 2004) . MORG1 specifically associates with several components of the ERK pathway and stabilizes their assembly into an oligomeric complex. It is conceivable that SPBC713.05 has an analogous role in the Spc1 pathway of fission yeast. Orthologs of SPBC714.05 or MORG1 are absent from the S. cerevisiae genome.
Glutathione and Phytochelatins
GSH and PCs are instrumental in heavy metal detoxification in most organisms (reviewed in Clemens and Simm, 2003; Mendoza-Cózatl et al., 2005) . These sulfur-rich peptides chelate metals in the cytosol (Mutoh and Hayashi, 1988) , and it is thought that Hmt1 actively transports the resulting complexes into the vacuole for sequestration (Ortiz et al., , 1995 . The GSH biosynthetic pathway requires two ATP-dependent enzymes, Gcs1 and Gsh2 (Meister, 1995; Mutoh et al., 1995) , and PCs are synthesized from GSH by phytochelatin synthase (Clemens et al., 1999; Ha et al., 1999) . Indeed, the gcs1D and pcs1D mutants were hypersensitive to cadmium as expected (Tables 1 and 3) ; however, the sensitivity of gsh2D is unknown because it was not present in the library. The mild sensitivity of gcs1D to osmotic stress has been previously reported (Chaudhuri et al., 1997) . However, the lack of sensitivity of gcs1D to hydrogen peroxide was unexpected (Tables 1 and 3 ) because S. cerevisiae cells deficient in GSH are hypersensitive to hydrogen peroxide (Izawa et al., 1995) . This suggests that S. pombe utilizes different molecules as the major scavengers of ROS. Moreover, the hmt1D mutant, encoding the proposed low molecular weight (LMW) PC-cadmium transporter, was severely sensitive to cadmium as previously shown (Tables 1 and 3) .
Sulfur Assimilation
The sulfur assimilation and cysteine biosynthetic pathways are required for GSH and PC synthesis (reviewed in MendozaCózatl et al., 2005) , and most enzymes associated with these pathways were sensitive to cadmium when deleted (Tables 1  and 3 and Supplementary Table S1 ). Briefly, extracellular sulfate is converted to sulfide by a series of uptake, activation, and reduction steps. Sulfide is then condensed with O-acetylserine to form cysteine. Although highly upregulated upon cadmium exposure (Chen et al., 2003) , deletion of either sulfate transporter, SPAC869.05c and SPBC3H7.02, resulted in no cadmium sensitivity, probably because the activity of one compensated for the loss of the other. Deletion of the sulfate activators, Sua1 and Met14, and the sulfate reducers, Met16 and Sir1, resulted in moderate or severe sensitivity to cadmium. The activity of Sir1 requires a prosthetic siroheme group (reviewed in Nakayama et al., 2000) , and the siroheme synthesis mutants, SPAC4D7.06cD and SPCC1739.06cD, were severely and moderately sensitive to cadmium, respectively (Tables 1 and 3) . Lastly, the cys11D and SPAC1039.08D mutants, encoding the final two genes in cysteine biosynthesis, were moderately and mildly sensitive to cadmium, respectively (Tables 1 and 3 and  Supplementary Table S1 ). Our results highlight the functional importance of sulfur assimilation and cysteine biosynthesis in the cellular survival of cadmium, most likely due to their role in GSH and PC production, and possibly in sulfide production (explained below).
Sulfide Oxidation
Under normal conditions, most, but not all, sulfide is incorporated into cysteine in S. pombe; however, upon heavy metal exposure, free sulfide levels increase to aid in cell survival (Perego et al., 1997) . Hmt2, a mitochondrial sulfide: quinone oxidoreductase, found in humans and fission yeast but not in budding yeast, is essential in cadmium tolerance, and hmt2D cells are hypersensitive to cadmium, as seen in this and previous studies (Vande Weghe and Ow, 1999) . Hmt2 transfers electrons from sulfide (S 2À ) to ubiquinone (Coenzyme Q10, or CoQ10); thus, establishing a link between sulfide metabolism and CoQ10. CoQ10 is an essential component of the electron transport chain, and its antioxidant properties are well characterized (reviewed in Kawamukai, 2002; Bentinger et al., 2007) . Indeed, all mutants from the library lacking a gene involved in CoQ10 biosynthesis (coq2, coq3, coq4, coq5, and coq7) were moderately or severely sensitive to cadmium, but only mildly sensitive to hydrogen peroxide indicating that CoQ10 plays a larger role in cadmium tolerance than just as an antioxidant. The cadmium sensitivity and yellow phenotype of coq mutants is reminiscent of the hmt2D phenotype (Table 1) . Additionally, both CoQ10-and Hmt2-deficient mutants accumulate high levels of hydrogen sulfide under normal conditions (Uchida et al., 2000; Vande Weghe and Ow, 1999) . Although increased free sulfide levels aid in tolerance to cadmium, the sensitivity of coq and hmt2 mutants to cadmium suggests that sulfide must be oxidized for cellular survival of cadmium. However, Vande Weghe and Ow (2001) proposed that precipitation of free cadmium as cadmium sulfide (CdS) blocks PC synthesis caused by inhibited GSH production.
Mitosis, the Spindle Assembly, and the Cytoskeleton Components
In human cells, cadmium elicits mitotic arrest (Chao and Yang, 2001 ) and acts as a cytoskeletal poison by depolymerizing microtubules and actins (Li et al., 1993; Wang and Templeton, 1996) . Several mutants involved in the mitotic cell cycle and specifically in spindle organization and chromatid segregation were mildly to moderately sensitive to cadmium 134 (Tables 1 and 3 and Supplementary Table S1 ). Notably, genes from the DASH complex, ask1, hos2, hos3, dam1, and dad1, were enriched (Table 3) . Kinetochores assemble on the centromere and link the chromosome to the microtubules from the mitotic spindle. In S. pombe, the DASH complex localizes to kinetochores only during mitosis (Liu et al., 2005a) . Kinetochore attachment is enhanced by Klp6 and Alp14 (Garcia et al., 2002) , and proper chromosome segregation requires factors such as Cut8 and Efc25 (Papadaki et al., 2002; Tatebe and Yanagida, 2000) . Mutants deleted for these genes were equally sensitive to KCl and cadmium, suggesting that cations in general target the spindle assembly. Proteins associated with the actin cortical patch, Myo1, SPAC664.02c, and SPCC794.11c, are involved in cadmium tolerance (Table  1) ; however, these genes are not sensitive to KCl. These results show that cadmium targets the cytoskeleton, and the mutant growth inhibition is likely due in some part to the mitotic checkpoint activated by Spc1 upon actin cytoskeletal damage (Gachet et al., 2001) . These individual components were previously unknown to be important for survival in the presence of high levels of cadmium. The effect of cadmium on progression through cell cycle, spindle organization and cytoskeleton components potentially explain its carcinogenic potential.
Other Cellular Processes
Only 38 of the 237 sensitive genes were enriched (p value < 0.05) by GO analysis (Table 3) . Here, we highlight the important biological processes from the moderately and severely sensitive genes not enriched by GO analysis and their roles in cadmium tolerance (Table 1 ). The vacuole is essential in sequestering the cadmium complexes. Mutants deficient in vacuolar protein sorting, vps17D, vps29D, and vps66D, and other vacuolar membrane proteins, rav1D and SPBC14F5.13cD, were sensitive to cadmium. The severely sensitive rav1 mutant is especially interesting. In S. cerevisiae, RAV1 is a regulator the (Hþ)-ATPase of vacuolar and endosomal membranes (RAVE) (Seol et al., 2001) . It is thought that free cadmium enters the vacuole by a Hþ antiporter; thus, loss of Rav1 could lead to impaired high molecular weight (HMW) PC-Cd-S formation through cadmium transport misregulation.
Cadmium inhibits DNA repair mechanisms (reviewed in Bertin and Averbeck, 2006) . Although cadmium affects mismatch repair (MMR) in S. cerevisiae (Jin et al., 2003) , it inhibits the ATPase and not the repair activity of the repair enzymes, and this inhibition is prevented by addition of cysteine and histidine (Banerjee and Flores-Rozas, 2005) . No MMR mutants were sensitive to cadmium; however, SPAC1071.02, related to S. cerevisiae MET18 that was implicated as an accessory factor for nucleotide excision repair protein (NER), was severely cadmium sensitive (Lauder et al., 1996) . Other cadmium-sensitive mutants identified in the screen that are involved in DNA repair or genome maintenance are nse5D and top1D. Nse5 is a non-structural maintenance of chromosomes (SMC) component of the Smc5-Smc6 involved in DNA repair and stability at stalled replication forks (Pebernard et al., 2006) . Top1 is topoisomerase I, which is required for maintenance of chromatin organization (Uemura and Yanagida, 1984) . By causing DNA damage or by interfering with DNA replication or DNA repair, cadmium stress may create situations in which the Smc5-Smc6 complex is required for replication fork stabilization or Top1 is required for maintenance of chromatin organization. In all cases the underlying source of DNA damage could arise from displacement of zinc by cadmium in the DNA binding domain of zinc-finger proteins (Asmuss et al., 2000) , and this repair inhibition could be the carcinogenic action of cadmium (Dally and Hartwig, 1997) .
Cells exposed to cadmium drastically reprogram their transcriptome (Chen et al., 2003) . Several of the cadmiumsensitive genes encoded for transcription factors/regulators and chromatin remodelers (Table 1 and Supplementary Table S1 ). DNA methylation is increased in human cells exposed to longterm, low doses of cadmium (Jiang et al., 2008) ; however, arsenite exposure leads to DNA hypomethylation (Zhao et al., 1997) . Regardless of DNA methylation status, another possible carcinogenic action of cadmium, and metals in general, is through epigenetic modifications. Indeed, the histone acetyltransferases (HATs) sin3 and gcn5, and other chromatin remodelers SPAC17G8.07 and ash2 were moderately or severely sensitive to cadmium. Although Cuf1 and Cuf2, copper-sensing transcription factors that regulate iron transport (Labbé et al., 1999) , were only moderately and mildly cadmium sensitive, it would be interesting to see if these two genes have overlapping or redundant roles by examining a double mutant.
Comparison to a Genome-Wide Screen of S. cerevisiae Mutants that are Sensitive to Cadmium Recently a S. cerevisiae deletion collection was screened for sensitivity to cadmium chloride (Serero et al., 2008) . Among 4866 open reading frames tested, 73 were found to be important for cadmium survival. Remarkably, only three of these genes (GCN5, NGG1, and YAP1) have orthologs in the list of mutants that were either strongly or moderately sensitive to cadmium in fission yeast. This absence of large overlap suggests that the two distantly related yeasts utilize different strategies for survival in the presence of potentially toxic levels of cadmium. Indeed, it is well known that fission yeast possesses cadmium detoxification mechanisms that are absent in budding yeast, perhaps the best known being the ability to synthesize PCs. However, the majority of genes identified in our screen have orthologs in budding yeast (Table 1) . For example, the ubiquinone biosynthesis pathway is clearly conserved in the two yeasts. Essentially, all of the genes encoding components of this pathway were uncovered in the CADMIUM-SENSITIVE MUTANTS IN FISSION YEAST fission yeast screen, whereas none of the corresponding genes were found in the screen of budding yeast mutants that are sensitive to cadmium (Serero et al., 2008) . The budding yeast mutants defective in ubiquinone biosynthesis are viable and therefore should have been discovered in the cadmium screen if the gene products were required for survival in the presence of cadmium. The need for ubiquinone biosynthesis for cadmium tolerance in fission yeast likely arises from its connection to Hmt2, the sulfide:quinone oxidoreductase that is absent from the budding yeast genome.
Of the three genes that are shared in the cadmium-sensitive screens of fission yeast and budding yeast, two (GCN5 and NGG1) encode components of the SAGA HAT complex that is a coactivator for transcription, whereas the third (YAP1) is transcription factor involved in the oxidative stress response. These similarities underscore the importance of mounting appropriate transcriptional responses to cadmium stress that has been conserved between the two yeasts and probably other organisms as well.
When comparing the larger number of cadmium-sensitive mutants found in the fission yeast screen as compared with budding yeast, one factor to consider is that the fission yeast screen was carried out in an ade6-M210/M216 background. This background may have been advantageous. The ade6 þ gene product and other purine biosynthetic enzymes participate in the conversion of the PC-cadmium complex to the PC-cadmium-sulfide complex, which is essential for metal tolerance (Juang et al., 1993; Speiser et al., 1992) . Therefore, the ade6-M210/216 allele potentially caused a synergistic effect with the additional gene deletion. As an example, Speiser et al. (1992) showed that either ade6-or ade2-disrupted mutants behaved like wild-type in the presence of cadmium, but the double mutant had inhibited growth. This effect was confirmed in our screen by the moderate sensitivity of ade2D, harboring the ade6-M216 allele (Table 1) .
Yellow Mutants and Cadmium Detection
This study identified several mutants that turned yellow when exposed to cadmium sulfate ( Fig. 3 and Table 4 ). The yellow color is caused by the precipitation of CdS produced within the cell. The formation of CdS is independent of the cadmium compound tested, because hmt2D cells turned yellow upon exposure to cadmium chloride (Vande Weghe and Ow, 1999) . Indeed, all the yellow mutants precipitate CdS and produce excess hydrogen sulfide; thus identifying other proteins involved in sulfide oxidation. These include the vacuolar phosphatase Ptc4, the Vps66 protein required for vacuolar protein sorting, and the proteins required for CoQ10 biosynthesis.
The identification of toxic sites contaminated with metals is globally important for human and environmental health, but detection of these metals can be costly and/or time consuming. As mentioned previously, cells deficient in Hmt2 turn yellow upon cadmium exposure, but they also turn brown and gray in the presence of copper and lead/bismuth, respectively (Vande Weghe and Ow, 2001 ). Therefore, it will be interesting to see if all the yellow mutants behave in a similar way to these other metals. Biomarkers for cadmium-contaminated soil have been identified in barley and rice seedlings using random amplified polymorphic DNA (RAPD) assays (Liu et al., 2005b (Liu et al., , 2007 , and Caulobacter crescentus has been engineered as whole-cell uranium biosensors (Hillson et al., 2007) . However, they require the use of special equipment; whereas cadmium detection with these yeast mutants requires little effort, time, and money.
Perspective on Cadmium Toxicity in Humans
Although the genes uncovered in this study likely represent many of the most important biological processes for coping with cadmium toxicity in all organisms, it is important to consider how closely the experimental design mimics the most common forms of human exposure. Except in unusual situations of occupational accidents, most human exposure is chronic and progressive. In contrast, the experimental protocol used in this study is acute in that it uses a fixed concentration of cadmium over the period of a few days, which for fission yeast is many generations. Nevertheless, there is likely to be a large overlap in the cellular pathways used to tolerate both chronic and acute exposure to cadmium.
Our studies highlight some biological pathways that should be considered when evaluating the human health consequences of cadmium. One is the mechanism for synthesis of CoQ10. In humans, CoQ10 contributes to the production of high-energy phosphates required for muscle contraction and other cellular functions, but it also has a critical role as a free radical scavenger. In this latter capacity CoQ10 is thought to have vitally important roles in protection from neurodegenerative disorders such as Parkinson's disease, in prevention of diabetes, and in cardiovascular health (Pepe et al., 2007) . The perceived health benefits of CoQ10 have led to its widespread use as a dietary supplement, although much uncertainty remains about its actual utility. Given its extensive availability and the empirical evidence for its safety, CoQ10 should perhaps be considered as an agent for treatment of cadmium poisoning.
Our studies also may provide some new clues about the connection between cadmium and cancer. Thus far studies in this area have focused on the potential of cadmium to cause DNA damage and to inhibit DNA repair enzymes. Our data provide some support for these hypotheses and hint at potential targets such as pathways impacted by Smc5-Smc6 complex and topoisomerase I. Interestingly our screen did not detect any connections to MMR, NER, and base excision repair, all of which are thought to have significant roles in repair of cadmium-induced DNA damage (Bertin and Averbeck, 2006) . Nor did it reveal a connection to Okazaki fragment processing unlike the comparable study of the budding yeast haploid deletion set (Serero et al., 2008) . However, given that we now have a better understanding of the pathways that are critical for cadmium detoxification, it should be interesting in future studies to explore possibilities for synergistic relationships between mutants in these pathways and mutants defective in different mechanisms of DNA repair. Furthermore, the detection of multiple genes involved in assembly and function of the mitotic spindle suggests an alternative mechanism by which cadmium might cause genome instability and cancer.
SUPPLEMETARY DATA
Supplementary data are available online at http://toxsci. oxfordjournals.org/. 
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